Excitatory postsynaptic currents (EPSCs) from dorsolateral medium spiny neurons (MSNs) were recorded in cortico-striatal slice preparations from postnatal day 6-8 (P6-8) and >P12 wild type mice and mice that were lacking either the NR2A or the NR2C subunit of the N-methyl-D-aspartate (NMDA) receptor. EPSCs were elicited by stimulation of the excitatory afferents and the NMDA and non-NMDA receptor-mediated components were pharmacologically isolated. The ratio of these components decreased with development and was significantly reduced only between age-matched +/+ and NR2A -/-neurons. In many MSNs, the NMDA-EPSC decay was characterized by the presence of a slow exponential component with a time constant lasting over one second regardless of genotype or age. In the NR2A -/-no developmental increase in the decay time (Tw) of the NMDA-EPSCs was observed although it was almost two-fold longer than in +/+ MSNs. NR1/NR2B antagonists were ineffective in reducing the slow NMDAEPSCs at all ages. Input-output studies revealed differences in stimulation threshold sensitivity of MSNs based upon stimulus location. High threshold responders were preferentially identified with stimulation from intracortical locations that produced considerably faster NMDA-EPSCs, whereas low threshold responders were mainly elicited with stimulation more proximal to the striatum and exhibited slower NMDAEPSCs. A low affinity competitive antagonist of NMDA receptors failed to alter the decay of NMDA-EPSCs elicited from either location, suggesting that glutamate spillover is not responsible for the long lasting NMDA-EPSCs. Our data are consistent with the expression of a unique NMDA receptor complex in MSNs with very slow deactivation kinetics.
INTRODUCTION
Synaptic excitation of striatal MSNs plays an essential role in the physiology of the basal ganglia (Graybiel 2005; Smith and Bolam 1990; Yin and Knowlton 2006) .
Identifying the synaptic components of striatal excitatory projections may have important implications for understanding various basal ganglia disorders. Excitatory cortical and thalamic inputs to MSNs use NMDA receptors (Kita 1996) . Biophysical characteristics of NMDA receptors depend upon the heteromeric assembly of several gene products (Cull-Candy et al. 2001; Cull-Candy and Leszkiewicz 2004; McBain and Mayer 1994; ) .
The subunits assemble in a quaternary array to form functional channels with the majority of receptors being composed of members from the NR1 and NR2 gene families in heterodimeric and heterotrimeric complexes (Kohr 2006) . The NR2 subunit family is comprised of four members, NR2A through NR2D, that are expressed in a spatialtemporal fashion throughout the CNS (Cull-Candy et al. 2001; Cull-Candy and Leszkiewicz 2004) .
Although the developmentally regulated expression of NR2 subunits in the striatum is observed as in the rest of the brain (Monyer et al. 1994) , the NR2B subunit is predominant compared to the NR2A subunit both during development and throughout adult life in rodents (Dunah and Standaert 2003; Lau et al. 2003; Standaert et al. 1994) .
Furthermore, studies of functional properties of striatal NMDA receptors at excitatory Page 3 of 50 JN-00462-2007 .R1 Logan et al 2007 synapses (Chapman et al. 2003; Colwell et al. 1998 , Wirkner et al. 2004 ) suggest changes occur around the end of the second postnatal week. At this time, rodents undergo major alterations in striatal anatomy and physiology including synapse, dendritic spine formation (Tepper et al. 1998 ) and a shift in synaptic plasticity from LTP to LTD in the dorsolateral striatum (Partridge et al . 2000) .
The functional significance of changes in receptor composition is observed in the dorsolateral striatum where the relative expression of NR2A subunit mRNA is greater at later stages compared to the medial striatum (Ganguly and Keefe 2001; Watanabe et al. 1992 Watanabe et al. ,1993 . Comparing the kinetics of NMDA-EPSCs, Chapman et al. (2003) reported a faster rate of decay in MSNs from the dorsolateral compared to ventromedial striatum in rats. A pharmacological analysis of these currents revealed that pure NR1/NR2A and NR1/NR2B heterodimeric assemblies were only partially involved in synaptic transmission and that their relative synaptic contribution changed during development.
Furthermore, ifenprodil, the specific NR1/NR2B blocker, failed to change the slow decay kinetics of the NMDA-EPSCs recorded in mouse MSNs (Li et al. 2003 and 2004) suggesting the presence of heterotrimeric NR1/NR2A/NR2B receptor assemblies. All MSNs express NR2A and NR2B subunits (Albers et al. 1999) as part of NR1/NR2A and NR1/NR2B heterodimeric receptors while heterotrimeric NR1/NR2A/NR2B assemblies predominate at synapses (Dunah and Standaert, 2003) .
Despite the critical role of the striatum in regulating the output of the basal ganglia (Bolam et al. 2000; Graybiel 2005; Yin & Knowlton 2006) , the characterization of NMDA-EPSCs at excitatory MSN synapses has not been fully examined. In this study, we assess the role of distinct NR2 subunits of the NMDA receptor in striatal excitatory synaptic function, using whole cell patch-clamp recordings of excitatory synaptic currents in dorsolateral MSNs in slices prepared from P6-8 and >P12 mice. The decay of the NMDA-EPSC in MSNs was often characterized by the presence of a very slow exponential component. This slow component persisted in MSNs from mice lacking the NR2A or the NR2C subunits and it was more prevalent in NR2A -/-mice. A further characterization of the NMDA-EPSCs with subunit selective pharmacological agents indicated that the slow component was most likely mediated by an NMDA receptor complex containing the NR2D subunit in either a heterodimeric or heterotrimeric configuration. A low affinity competitive NMDA receptor antagonist used to reveal glutamate spillover (Diamond 2001) did not alter the kinetic property of this current. Our results are consistent with the notion that MSNs express multiple NMDA receptor complexes including those containing the NR2D subtype at distinct synaptic and/or extrasynaptic sites and that the NR2A subunit may regulate their expression at these sites.
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MATERIALS AND METHODS
Coronal slices (250-300 µm) were prepared from P6-20 C57Bl6J, and NR2A -/-or NR2C -/-mice in a C57Bl6J background. The generation of NR2A -/-( 1) mice is reported in Sakimura et al. (1995) and that of NR2C -/-( 3) mice is in Lu et al. (2006) and Karavanova et al. (2007) . Mouse pups were sacrificed by decapitation in agreement with the guidelines of the AMVA Panel on Euthanasia and the Georgetown University Animal Care and Use Committee. The whole brain was removed and placed in an ice-cold slicing solution containing (in mM): NaCl (85), KCl (2.5), CaCl 2 (1), MgCl 2 (4), NaH 2 PO 4 (1), NaHCO 3 (25), glucose (25), sucrose (75) (all from Sigma); pH 7.4 when continuously bubbled with 95% O 2 and 5% CO 2 . Coronal and sagittal slices, including the neostriatum and neocortex, were prepared using a Vibratome 3000 Plus Sectioning System (Vibratome, St Louis, MO) and were incubated in the slicing solution at 32 ºC for 30 minutes. Slices then recovered for 30 min at 32°C in carbogen-bubbled artificial cerebrospinal fluid (ACSF) (in mM): NaCl (120), KCl (3.1), Na 2 HPO 4 (1.25), NaHCO 3 (26), dextrose (5.0), MgCl 2 (1.0), CaCl 2 (2.0) and D-Serine (0.010), 305 mOsm, pH 7.4. During experiments, slices were submerged and continuously perfused (2-3 ml/min) with carbogen-bubbled ACSF at room temperature 22-24°C. Cells were visualized with an upright microscope (Axioscope, Zeiss Germany) using infrared-differential interference contrast video microscopy. Patch pipettes were filled with (in mM): K-gluconate (145), EGTA (1.1), MgATP (5.0), Na-GTP (0.2), and HEPES (10) to pH 7.2 with KOH supplemented with lidocaine N-ethyl bromide (QX314) (4) for input-output experiments. Alternatively a solution containing (in mM) cesium methanesulfonate (120), NaCl (5), tetraethylammonium chloride (10), HEPES (10), QX314 (4), EGTA (1.1), MgATP (5), and NaGTP (0.2) was used with pH adjusted to 7.25 using CsOH. Square-wave electric pulses of 100 to 300 µA intensity, 50 µsec duration and 0.05-0.1 Hz frequency were delivered by placement of bipolar stimulating electrodes in proximity of the corticostriatal border. For input-output stimulation experiments (Fig 5 & 6 ) intensity was increased up to 5000 µA. In all experiments, 25 µM bicuculline methiobromide (BMR, Sigma, St Louis, MO) was included in the medium to exclude possible contamination of the evoked synaptic response by -aminobutyric acid (GABA)-mediated inhibitory synapses. In some experiments, drugs were delivered locally with a Y-tube device (Murase et al 1989) . Stock solutions of BMR, D-2-aminoadipic acid (D-AA, both from Sigma), and sodium-2,3-dihydro-6-nitro-7-sulfamoyl-benzo(F)quinoxaline (NBQX), 3-
Inc., Ballwin MO) were dissolved in water. CP101,606 (1S,2S)-1-(4-hydroxyphenyl) -2-(4-hydroxy-4-phenyl piperidino) -1-propanol, a gift from Dr. Richard Woodward, Acea Pharmaceutical, Irvine CA) was dissolved in dimethylsulfoxide (DMSO, <0.1% final concentration). NMDA-EPSCs were recorded in the presence of 5 µM NBQX (except for experiments in Fig.2 ) in order to analyze the NMDA/non-NMDA ratio.
Patch electrodes (5-7 M ) were pulled (Narishige, PP -83, Tokyo, Japan) from borosilicate glass capillary (Drummond, Broomall, PA). Series resistance (10-15 M ), in whole cell configuration, was monitored for constancy throughout the experiment and it was not compensated. Current and voltage signals at the headstage of the patch-clamp amplifier (Axopatch 1D, Axon Instrument, Union City, CA) were filtered at 2 kHz, digitized at 5-10 kHz using an IBM-compatible microcomputer equipped with Digidata Page 7 of 50 1322A data acquisition board and pCLAMP9 software (both from Molecular Devices, Sunnyvale,CA). Off-line data analysis, curve fitting, and figure preparation were performed with Clampfit 9 (Molecular Devices) software. Spontaneous synaptic currents were identified using a semi-automated template based event detection software (Clampfit 9). Spontaneous NMDA-EPSC averages were based on at least 20 events in each cell studied. The decay phase of currents was fitted using a simplex algorithm for least squares exponential fitting routines with triple exponential equation of the form 
RESULTS
Recordings from striatal neurons in slices. Striatal neurons were visually localized in the dorsolateral caudate putamen of cortico-striatal slices (Fig. 1A) . Medium spiny neurons (MSNs) were identified both by cell size and on the basis of their respective in vitro electrophysiological properties (Fig. 1B) . These characteristics were used to distinguish MSNs from a small minority of putative cholinergic and/or GABAergic interneurons which have distinct size and action potential firing patterns (Bennett and Wilson 1999; Kawaguchi 1993; Kreitzer and Malenka 2007; Shen et al. 2005) . Fig. 1B shows the membrane potential response of a typical MSN recorded in current clamp mode upon injecting a sequence of hyperpolarizing and depolarizing currents. The records demonstrate a repetitive and non-adapting spike-firing pattern typically reported for MSNs in response to depolarizing current injection. In addition, the records also show a decrease in resistance in response to hyperpolarizing current injections due to the presence of an inward rectifier potassium current (Kita et al. 1984; Shen et al. 2005 ). The resting membrane potential (RMP), as measured in a subset of 20 neurons, was -85 ± 5 mV and the input resistance was 230 ± 50 M .
Excitatory synaptic currents from striatal neurons. Striatal neurons express both non-NMDA-and NMDA-type ionotropic glutamate receptors (Dunah and Standaert 2003; Kita 1996; Standaert et al. 1994) . Afferent stimulation releases glutamate from presynaptic boutons which then activates receptors on postsynaptic striatal neurons producing an excitatory postsynaptic current (EPSC). We utilized whole cell voltage clamp recordings to examine the EPSCs from striatal neurons at a holding voltage of The GABA A receptor blocker, BMR (25 µM) was also included in order to eliminate any contaminating GABA receptor-mediated current. In many cells examined under these conditions, we observed a long-lasting synaptic current that was completely blocked by the non-selective NMDA receptor antagonist, CPP (10 µM; Fig. 2A&B ). The evoked current remaining in the presence of 10 µM CPP was much more rapid in offset and represents current carried by non-NMDA-type glutamate receptors (non-NMDA-EPSC).
Using this approach, we characterized the non-NMDA and NMDA-EPSCs from mice at two distinct developmental age groups; P6-P8 and greater than P12 (P13-P20). These time points were selected since they bracket the period around eye opening, potentially a critical indicator for the beginning of the maturation of motor coordination. It has to be considered however that the P13-P20 group is still undergoing developmental maturation and further changes may occur in adult life. The peak amplitudes of the NMDA-and non-NMDA-EPSCs (NMDA/non-NMDA ratio, Fig. 2C No significant difference from wild type were seen for non-NMDA-or NMDA-EPSCs in NR2C KO mice in the older age group (n=9) suggesting that the NR2C subunit has minimal role in determining the synaptic complement of receptors.
A long lasting decay of NMDA-EPSCs in striatal neurons. The striking feature of NMDA-EPSCs in all groups tested was the long lasting decay phase. The sum of two or three exponential curves was usually needed to best fit the decay of evoked NMDAEPSCs recorded in the presence of 5 µM NBQX. Table 1 summarizes the values of the three time constants used for the exponential fitting and their relative contribution to peak amplitude for the experimental groups. To allow comparison between groups, we used a weighted time constant (Tw) to describe the time course of the synaptic currents.
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We found that the Tw of evoked NMDA-EPSCs became shorter in older, wild type
MSNs. Tws did not show any significant change with development in MSNs from NR2A -/-mice and they were twice as long in MSNs from wild type mice. The decay of NMDAEPSCs was consistently slowed down by the occurrence of a very slow time constant (> 1 s) that appeared with variable proportion in all the different groups (Table 1) . When the experimental group >P12 (n=59) was further subdivided in a group at P13-P16
(n=43) and a group at P17-P20 (n=14), no significant differences were observed and the results were lumped together. A fitting-independent assessment of the NMDA- absence of CP (note the time scale here is slower than in Fig. 2 ). At P>12, the extent of current blockade using CP was not significantly different among mice from the three genotypes investigated averaging between 27 and 34% (n =20 wild type , n=14 NR2A -/-, n=6 NR2C -/-). A further analysis of the P>12 group showed that the extent of the CP blockade was similar between the P13-P16 and P17-P20 subgroups (not shown).
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Surprisingly, the extent of blockade of NMDA-EPSCs by CP seen in wild type mice was similar to that seen in MSNs from NR2A-/-mice which might be expected to express mostly NR1/NR2B receptors. If such were the case, we would have predicted that the NMDA-EPSC from these knockout animals would be blocked by CP to a greater extent than those of the other genotypes. Our data may indicate that a compensatory mechanism may exist whereby the absence of the NR2A subunit allows for the participation of other NMDA receptor subtypes in the synaptic response that are less sensitive to NR2B blockade. This interpretation is consistent with the data we obtained when currents were recorded in MSNs from animals at earlier stages of development in the presence of CP. MSNs recorded in wild type mice at P6-P8 show a 50±3 % (n=15) reduction in the evoked NMDA mediated current by CP that is significantly different from the reduction seen at P12 in every genotype studied. More importantly, CP blockade of NMDA-EPSCs was actually greater in wild type MSNs at P6-P8 than that measured in age-matched NR2A -/-mice (31±5 %, n=9) but not in NR2C -/-(52±2 %, n=6). Thus, even early in development, when NR2B receptor subtypes are thought to predominate in receptor complexes at synapses (Monyer et al. 1994) , the NR2A -/-MSNs show a reduced NR1/NR2B receptor complement again suggesting that the presence of the NR2A subunit is important in regulating the NMDA receptor composition at synapses.
We then analyzed the kinetics of the evoked current in the presence and absence of CP (Fig. 4A ). In the majority of cells, the NMDA-EPSCs became slower and smaller in the presence of the NR2B blocker (denoted as the CP insensitive current in intensity. A consistent amplitude increase was observed when the stimulus intensity was increased in both high and low threshold MSNs (Fig. 5C, left) . Although stimulus intensity-dependent increase in Tws was observed in both cell types, this was slightly more common for the low threshold than for high threshold intensity cells (Fig. 5D) . We also investigated stimulus-dependent changes in the NMDA/non-NMDA ratio at both stimulus locations. In 7 neurons of wild type >P12 experimental groups we determined that the ratio of the two components does not change significantly with stimulus intensity similar to what is reported in Li et al. (2004) .
As the orientation of the section plane to make coronal slices affects the ability to stimulate different afferents to MSNs, we investigated stimulus location in sagittal slices.
The Tw of the evoked EPSCs near the half maximal response amplitude was 1.51 times slower for low threshold neurons (n=6, in 3 mice at P>12) compared to high threshold neurons in sagittal slices. This value averaged 1.64 for coronal slices . lasting decay, we stimulated MSNs from both locations using brief trains of high frequency stimuli (7x100 Hz), a protocol which has been shown elsewhere to generate spillover at excitatory synapses (Lozovaya et al. 2004 ). We then used this technique to elicit NMDA-EPSCs from both high and low threshold MSNs and compared them to those evoked using a single stimulus (Fig. 6A,6B ). As befor e, the stimulus intensity given was half that needed to attain a maximal response for a given cell and produced NMDA-EPSCs comparable to those in previous experiments. The results from these experiments show that both the amplitude of the current and the Tws were increased considerably for the low and high threshold MSNs when the brief train stimulus protocol was used ( an NR2B subunit as previously discussed. This proposal was supported by the sensitivity to an NR2B blocker. Thus we studied the NMDA-EPSCs evoked by brief trains of high frequency stimuli in the presence of CP (Fig. 6 ). Because we observed no difference in the percent increase of the peak current or the Tw (Fig. 6C ), we combined data in which high frequency stimulation was given to cells characterized as either high or low stimulus threshold (n=6). The peak amplitude of the NMDA-EPSCs recorded following a 7x100 Hz HFS protocol decreased by 42 ± 4 % in the presence of CP (p<0.01, two tailed t-test) and the Tw increased by 48 ± 12 % (p = 0.01, N=5, Fig 6D) . In addition, the percent contribution of the fast kinetic component to peak amplitude These results together with the stimulus intensity-dependent increase in the decay times (Fig. 5D) suggest that a stronger stimulus may induce glutamate spillover allowing perisynaptic and/or extrasynaptic receptors to participate in the synaptic response. To further investigate the possibility of spillover, we studied the effects of the decrease in CP sensitivity is seen at developmental ages greater than P12 suggesting that the receptor phenotype is most likely expressed in its mature form at an age corresponding to the period of eye-opening in mice. This may reflect a requirement for improved striatal motor control at a developmental time-point when visual and motor inputs are being sculpted into a meaningful physiological network.
In contrast to wild type cells, no developmental decrease in the Tw of the NMDAEPSCs was observed in MSNs from the NR2A -/-mice, and the fast component of decay of NMDA-EPSCs in neurons from NR2A -/-mice was either absent or remarkably slower compared to age-matched controls (see Table 1 ). In addition, the significantly smaller NMDA to non-NMDA ratio in mice lacking the NR2A subunit compared to agematched controls may suggest that NR2A -/-mice possess fewer synaptic NMDA receptors. Taken together, these observations may simply reflect the lack of a compensatory mechanism to replace the missing NR2A subunits. However, since the presence or absence of the NR2A or NR2C subunits has no effect on the slow rate of decay of NMDA-EPSCs elicited from >P12 MSNs in the presence of the NR2B blocker, the slow current is most likely not mediated by assemblies containing these subunits, at least in NR2A-/-mice. One candidate suggested by the kinetic profile of the evoked responses is the incorporation of the NR2D subunit into NR1/NR2D heterodimers or with NR2B subunits to form heterotrimeric NR1/NR2B/NR2D complexes. Such receptors may possess characteristics similar to our observed currents yielding long Tw and low sensitivity to CP blockade (Misra et al. 2000; Vicini et al. 1998; Wyllie et al. 1998) .
Although our electrophysiological studies support the existence of NR2D subunits at glutamatergic striatal synapses, biochemical experiments suggest that this subunit is generally thought to have low expression in MSNs (Landwehrmeyer et al. 1995; Standaert et al. 1994 ). Yet it may be difficult to assess by biochemical means the levels of NR2D subunit expression required to produce functional channels, particularly if in a complex with other NR2 subunits.
Possible role of extrasynaptic NMDA receptors. NMDA receptors are found at both synaptic and extrasynaptic sites. In cerebellar Golgi cells, the presence of the NR2D subunit in NMDA receptor complexes excludes them from synapses (Brickley et al. 2003) . In hippocampal neurons the NR1/NR2B receptor subtype is preferentially located extrasynaptically and mediates cross talk among synapses (Scimemi et al. 2004) . In order to assess the involvement of such receptor types in the generation of the long lasting NMDA-EPSC we altered the number and types of synapses activated by changing the stimulus strength and location. Input-output studies indicated that stimulus location and intensity were correlated. Stimulation from intracortical locations required higher intensities to elicit responses that produced relatively fast NMDA-EPSCs.
Stimulation in the striatum more proximal to the recorded cell required lower intensities to elicit responses that exhibited slower NMDA-EPSCs. We found this relation existed in both coronal and sagittal slices. Such findings are not surprising given the high degree of convergence of cortical inputs onto MSNs with a large number of presynaptic axons being required to elicit postsynaptic responses (Zheng and Wilson 2002) . Thus, a stronger stimulus was needed to excite cortical afferents when the stimulus was placed distally. However, the proximal stimulation site may require a lower threshold to evoke responses in MSNs since the presynaptic axons are recruited from a larger pool of both cortical and thalamic origin.
An important observation from these experiments is that the amplitude and decay time of the response increased progressively with stimulation intensity independently of location. In addition, the decay time was significantly faster in the high threshold MSNs
Page 25 of 50 though it increased with stimulation intensity in most low and high threshold neurons.
One possible explanation for these results is that as the stimulus increased, functionally distinct postsynaptic NMDA receptors were recruited into the evoked response. This is consistent with the heterogeneity of excitatory inputs to MSNs although the participation of extrasynaptic receptors may also be involved (see below). Alternatively, however, intrastriatal stimulation is known to induce dopaminergic and cholinergic release (Cepeda and Levine 1998, 2006; Partridge et al. 2002) which may result in the modulation of synaptic NMDA receptor function through second messenger activation.
Our stimulus-frequency experiments were performed in light of studies from CA1 pyramidal neurons in which brief high frequency presynaptic trains evoked NMDA EPSCs that were larger in amplitude with slower kinetics than those evoked with a single stimulus (Lozovaya et al. 2004 ). These findings suggested that extrasynaptic NMDA receptors comprised of NR2B and NR2D subunits participated in the evoked response as a result of the high frequency stimulus they used. More rapid stimuli may lead to a spillover of glutamate unto a population of receptors located in a region outside of the release site. This type of spillover mechanism is thought to participate in glutamatergic transmission to varying degrees (Huang, 1998; Kullmann and Asztely, 1998) Our observations, therefore, argue for a synaptic location of receptors that have intrinsic channel properties yielding long decay currents.
Subunit composition of striatal NMDA receptor complexes. The majority of our evidence supports the existence of an NMDA receptor at MSN synapses that are endowed with long lasting activation. However, the actual subunit composition of such a receptor subtype is difficult to resolve. Although the NR2B subunit is likely to be present, our findings cannot exclude the possibility that these receptors may be comprised by the NR2D subunit either in part (NR1/NR2B/NR2D) or in full (NR1/NR2D) as the ability of antagonists to distinguish between these receptor subtypes is, at the moment, questionable. The physiological existence of NR1/NR2B/NR2D channels has been recently identified in cerebellar Golgi neurons (Brickley et al. 2003) . These studies in combination with those examining the dopaminergic neurons of the pars compacta Page 27 of 50 (Jones and Gibb 2005) , indicate that the NR2D subunit confers to the channel complex a resistance to selective NR1/NR2B subtype blockers such as ifenprodil and CP101,606 (Mott et al. 1998) . In fact, although NR1/NR2D-and NR1/NR2B-containing receptors give rise to low-(20/40 pS) and high-conductance events (50 pS) respectively (CullCandy et al. 2001) , the heterotrimeric assembly (NR1/NR2B/NR2D) generates 50 pS channels lacking sensitivity to ifenprodil (Brickley et al. 2003; Jones and Gibb 2005) . At present, no studies have examined the deactivation properties of the heterotrimers in response to the brief glutamate concentration jumps, such as those that occur at synapses. However, an elegant comparative study of membrane patches isolated from distinct neurons of the basal ganglia (Gotz et al. 1997) shows that MSNs do not differ from the dopaminergic neurons in terms of deactivation of macroscopic NMDA current. This study further showed that the NMDA channel deactivation was the slowest in these two types of neurons. Such studies provide further support to our suggestion of a functional role for the NR2D subunit in shaping the synaptic NMDA responses in individual cell populations of the basal ganglia.
Physiological relevance of slow NMDA-EPSCs. The presence of NMDA receptors may contribute to the general excitability of MSNs since they regulate transition to upstates in vitro (Vergara et al. 2003) . With the caveat that we have characterized the long lasting deactivation kinetics of NMDA-mediated currents in MSNs at room temperature, the heterotrimeric receptor complex that we propose here may have great importance in determining the intensity and the timing of the excitatory cortical or thalamic activation at physiological temperatures. In addition, because NMDA channels are permeable to calcium ions, the prolonged NMDA-EPSC could lead to excessive calcium loading of MSNs. Calcium loading is implicated in neurotoxicity and thus a long lasting calcium signal could begin to explain why MSNs are very susceptible to excitotoxic damage (Hardingham and Bading 2003) .
In addition to increasing the amplitude and duration of synaptic responses, a long lasting NMDA channel might be expected to have profound effects on information processing in the striatum. Along these lines, as the rate of spontaneous vesicular glutamate release is over 1 Hz in the striatum (Day et al. 2006; Tang et al. 2001 ) and the deactivation kinetics of NR2D containing channels in response to a single glutamatergic vesicle is over a second (Misra et al. 2000; Vicini et al. 1998; Wyllie et al, 1998) , the normal spontaneous vesicular release would be expected to tonically activate these types of NMDA channels with important functional consequences for striatal excitability.
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